The model system consisted of bacteriophage MS-2, bentonite clay, and hypochlorous acid (HOCl). Factors Purifi'ed water. Water containing 1.5 mg or less of dissolved solids per liter and no detectable organics was obtained by subjecting tap water to reverse osmosis followed by resin treatment and filtration through 0.22-,um membranes.
Viruses that are present in sewage may exist in several physical states: suspended as individual virions, aggregated in viral clumps, or associated with suspended solids. S. Schaub (Ph.D. thesis, University of Texas, Austin, 1972) and Moore et al. (12) showed that viruses associated with solids retain their capacity to infect. Culp (5) stated that viral disinfection is impeded in turbid waters, and Berg (3) called for a study of the role of solids in disinfection. G. D. Boardman and 0. Sproul (Abstr. Annu. Meet. Water Pollut. Control Fed., 1975) could not discern protection of bacteriophages by solids, but their study was not kinetic in nature. In this present investigation those factors controlling the attachment of bacteriophage MS-2 to bentonite were first determined, and then the inactivation kinetics of clay-associated and freely suspended phages were compared to ascertain if adsorption to clay accelerates or retards the viral inactivation rate.
(This paper reports a portion of the research required for fulfillment of the Ph.D. degree, C. H. Stagg, Rice University, Houston, Tex.,
1976.) MATERIALS AND METHODS
Virus and virus assay. Bacteriophage MS-2 (ATCC 15597-B) and host Escherichia coli (ATCC 15597) were used in this study. Conditions and procedures for replication and assay were taken from Davis and Sinsheimer (6) and C. Gerba (Ph.D. thesis, University of Miami, Coral Gables, Fla., 1973).
Bacteriophage MS-2 is indicated by the terms bacteriophage, phage, or virus in the text and tables.
Purifi'ed water. Water containing 1.5 mg or less of dissolved solids per liter and no detectable organics was obtained by subjecting tap water to reverse osmosis followed by resin treatment and filtration through 0.22-,um membranes.
Chlorine and chlorine detection. Hypochlorous acid (HOCI) was obtained by dissolving calcium hypochlorite (Olin HTH) in purified water with subsequent addition of 1 N HCI to reduce pH to 6.0. Stock solutions were prepared at a concentration of 1,000 mg of HOCI per liter and dispensed in micropipette (microliter) volumes. Free chlorine was detected colorimetrically at 530 nm by the LaMotte-Palin DPD (N,N-diethyl-p-phenylenediamine) method (LaMotte Chemical Products Co., Chestertown, Md.). In experiments involving solids-associated virus, the 530-nm absorbance of a control solids sample was subtracted from the absorbance value of the color-developed test sample. This corrected absorbance was used to calculate the chlorine concentration of the solids-containing test flask.
Bentonite suspension. Five grams of bentonite (catalog number B-235, Fisher Scientific Co., Houston, Tex.) was added to 2,000 ml of purified water.
After stirring for 2 h at 200 rpm, the suspension was allowed to settle for 24 h. One liter of supernatant suspension was then divided into 100-ml aliquots. Each aliquot was centrifuged for 15 min at 805 x g. The supernatant fluid was discarded, the pellet was resuspended in purified water, and the centrifugation and resuspension were repeated three times.
After final resuspension, 100-ml volumes were diluted with 100 ml of purified water (10) .
Adsorption of virus to clay particulates. Clay suspensions at a desired JTU and neutral pH were prepared in either purified water or MgCl2 solutions made in purified water. Viruses were diluted from stock ampoules in sterile purified water, and 1 ml of the appropriate dilution was added to 49 ml of the clay suspension in purified water or in MgCl2 solutions and agitated on a rotary table. Control suspensions of virus in both diluents without clay were also maintained. After 50 min the samples were centrifuged at 5,800 x g for 15 min, and supernatants were assayed for unadsorbed virus. The pellet was resuspended to its original volume with 0.05 M MgCl2 and centrifuged as before. After this second supernatant was sampled and plated it was discarded. The pellet was either stored or resuspended for immediate testing.
Oza and Chaudhuri (13) followed adsorption of virus to coal by passing a virus and granular charcoal suspension through a paper disk that had been soaked in 3% beef extract and by sampling the filtrate. In the present study, 25-mm Millex HA membrane filters (Millipore Corp.) were pretreated by passing through, in succession, 5 ml of tris(hydroxymethyl)aminomethane (Tris) buffer, 5 ml of 10% fetal calf serum (FCS) of the control suspension was also filtered to account for any adsorption to the treated membrane. Temperature dependence was determined by agitating the virus-clay suspension on a rotary table placed within either a 37°C Napco incubator or a 5°C cold laboratory. The control and the clay suspensions were allowed to equilibrate at 5 or 37°C before addition of 1 ml of diluted stock virus to 49-ml test volumes. Adsorption as a function of time was followed by withdrawing 5-ml volumes at 10, 20, 30, 50, and 75 min and immediately filtering through a serum-treated membrane. The filtrates were assayed for unadsorbed virus.
Recovery of viruses from clay by elution. A suspension with a known titer of clay-associated virus was prepared according to the preceding section with 75 mg of clay per liter, 0.05 M MgCl2, 22°C, and a 150-rpm stirring speed. One milliliter of this suspension was added to a dilution tube containing 2 ml of an eluent, and the tube was shaken at 100 rpm, 5°C, on a rotary shaker. At the appropriate time, a 0.5-ml sample was withdrawn, serially diluted in purified water, and assayed immediately.
Validity of batch reactions. Batch reactions were performed to determine those conditions under which there was no appreciable loss of free chlorine throughout the contact time and to determine if the viruses or clay exert a significant demand for free chlorine. In tests performed without virus, a rapid loss of free chlorine occurred in the first 20 s followed by a stable period in which little chlorine was dissipated. Presumably, the initial loss is due to reactions with the reactor wall or with trace organics. In all inactivation tests, after addition of stock chlorine, an equilibration period of 30 s was allowed before taking chlorine readings and adding virus. The addition of viruses at the titers used for inactivation tests did not increase the measurable loss of free chlorine, which was less than 6% for a 1-min exposure period both with and without added virus.
on October 19, 2017 by guest http://aem.asm.org/ Downloaded from Batch reactions were also performed to determine if any significant loss of free chlorine occurred as a result of the addition of bentonite clay to the stirring reactor. After the addition of stock chlorine, a 30-s equilibrium period was allowed. Immediately after withdrawing the sample for free chlorine measurement, the bentonite was added; after 1 min another sample was withdrawn for chlorine measurement. Throughout a range of clay and chlorine concentrations, average loss was less than 5% (Table 2) .
Batch reaction tests for freely suspended virus. Both the test and control reactors were Corning no. 5900, 150-ml reaction flasks. Stirring was accomplished at a rate of 250 rpm at 22 + 1°C. One milliliter of diluted stock virus was added to the control flask containing 99 ml of 0.05 M MgCl2 (pH 6) made in purified water. The reaction flask contained 104 ml of the MgCl2 solution. Microliter volumes of stock chlorine were added to the test flask to yield desired final concentrations. An equilibrium time of 30 s was allowed before taking a 5-ml sample for chlorine measurement. Within 10 s after adding the chlorine sample to the chromogenic reagent, 1 ml of diluted virus was added to the test flask. Zero time began with addition of the virus. One-milliliter samples were withdrawn and neutralized in 2 ml of a 6-mg/ liter sodium thiosulfate solution made in 2% FCS. The elapsed time at each neutralization was recorded so that remaining viable virus could be followed as a function of contact time. After conclusion of the inactivation test, a 1-ml sample was withdrawn from the control flask and plated as a control for the initial virus titer.
Batch reaction tests for solids-associated virus. Before each test, the virus-solids stock suspension was diluted, mixed in 0.05 M MgCl2, and centrifuged at 2,500 x g for 10 min. The supernatant was discarded, and the pellet was resuspended in an appropriate volume of 0.05 M MgCl2. One milliliter of the virus-solids stock suspension was added to the control flask containing 99 ml of 0.05 M MgCl2 (pH 6). After mixing at 250 rpm for 1 min, 25 ml was withdrawn and the turbidity was determined. Absorbance of the suspension at 530 nm was recorded.
Microliter volumes of stock chlorine were added to 0.05 M MgCl2 (pH 6) in the test flask. The initial volume was 104 ml so that a 5-ml sample could be withdrawn, before adding the virus, for determination of chlorine. One milliliter of the virus-solids suspension was added immediately to the test reactor. The timer was started and 1-ml samples were (ii) Virus concentration. Figure 2 is a semilogarithmic plot of unadsorbed virus as a function of contact time. The straight line is indicative of a first-order reaction with respect to unadsorbed virus. This relationship can be expressed mathematically as V,, = V,ffle-kl; where V,, = unadsorbed virus at time t; V,,,, = initial unadsorbed virus; and k = reaction rate constant. The value of k then can be determined 'oor 8 Fig. 4 (8) indicates that the inactivation rate is approximately first order with respect to remaining viable virus. The t99 value, the time necessary to achieve a 99% decrease in the initial virus titer, was determined from plots of the logarithm of remaining viable virus versus contact time. t99 values decrease with increasing HOCI concentrations; this relationship is displayed by the method of Fair et al. (7) in Fig. 6 . Clay-associated phages are also inactivated rapidly by HOCl, but the rate of inacti- It is reasonable to expect that enteroviruses attached to clay particulates or enmeshed in solids' aggregates would also be protected during chlorination. Some evidence for this expectation can be found in the data of Wellings et al. (15) . These investigators compared the enterovirus content in supernatants and solids from 500-ml samples of effluent and chlorinated effluent wastewater. In three samples taken from the St. Petersburg, Fla., activated sludge treatment plant, chlorination had reduced the supernatant viruses by at least 80%, whereas no reduction occurred in the solids-associated viruses in two of the three samples. Significantly, Moore et al. (12) have demonstrated that poliovirus retains its infectivity even if associated with solids.
Studies similar to this one should be conducted with enteroviruses that are surface-attached and embedded within various types of solids. Results of these studies could be used in modifying present treatment methods or in demonstrating the need to develop new methods that would be capable of inactivating solidsassociated viruses.
